Applying cryo and modified chemical preparation techniques, mainly for scanning electron microscopy, revealed entirely new aspects to the structure of the radial zone of rabbit tibial plateau articular cartilage. The aggrecan component of the extracellular matrix was contained radially in columns, each with a diameter of 1-3µm, by a tightly packed matrix of collagen fibrils. The collagen fibrils were arranged radially, some straight and others in an opposed spiral arrangement, with regularly repeating patterns. This organization existed in the regions surrounding the columns of chondrocytes, known as chondrons. The load bearing property of the tissue was explained by the directed flow and containment of the interstitial fluid, modulated by the protein-carbohydrate complexes, along these collagen bounded tubular structures. The reason why such a structure has not been described previously may be that it is not retained by aldehyde fixation followed by dehydration, the method commonly used for tissue preparation for electron microscopy.
Introduction
There are substantial gaps in our knowledge of articular cartilage (AC) structure. Traditional preservation techniques result in what are believed to be acceptable microscopic images. The application of alternative protocols revealed a different picture, which may contribute to a better understanding of the functional properties of the tissue.
Tibial AC is divided vertically into the calcified, radial and superficial zones ( Figure 1 ) (Clarke, 1971; Lane and Weiss, 1975; Buckwalter et al., 1987; Ratcliffe and Mow, 1996) . The dry weight of the tissue contains about two thirds collagen, being mostly type II but with some III, V, VI, IX, X and XI (Eyre et al., 1987; Eyre, 2001; Young et al., 1995; Morrison et al., 1996; Young et al., Figure 1: Diagrammatic representation of zones that were identifiable in articular cartilage. The superficial zone, next to the tibial plateau, had spongy collagen architecture with a degree of fibril orientation in the direction parallel to the articulating surface. Chondrocytes appeared scattered throughout this zone. In the adult rabbit tibial plateaux it was 30-40 µm thick. Immediately overlying the bone was the calcified zone. Between the calcified and superficial zones collagen fibrils were generally oriented in the radial direction, hence the description radial zone. In this zone there were columns of chondrocytes, in between which were regions in which collagen fibrils were very tightly packed together surrounding arrays of tubules. Structure of Rabbit Articular Cartilage 2000). The precise roles of the different types have yet to be understood. Within the collagen matrix, there are several types of chondrocytes. Those in the superficial zone are distributed through the region. The cells of the radial zone are different, being arranged in vertical columns, called chondrons (Poole et al., 1987) . Benninghoff (1925) first described the 'gothic arch or arcade' type morphology in AC. This model is still generally accepted (Nötzli and Clark, 1997; Kääb et al., 1998) . Scanning electron microscopy (SEM) of chemically fixed tissue, suggests that the collagen fibrils associate to form a columnar arrangement of radial zone fibres, perpendicular to the surface, that arch over and enter the superficial zone oriented parallel to the surface (Clark, 1991; Williams et al., 1999) . There are significant structural differences between adult and immature AC (Bayliss et al., 2000) . The precise timing of the maturation process may also differ considerably from species to species. We used the term 'collagen fibril' to describe the smallest structural element commonly observed by electron microscopy (diameter approx. 30nm). Accumulations of such fibrils could then be described as a 'fibre'. The larger units of structure, comprising the whole collagen network surrounding the chondrons (on a scale of 10µm or more, in diameter), we referred to as columns. Proteoglycans (PG), composing about 30% of tissue dry weight, are entangled with each other and other molecules to form a large complex network (Poole et al., 1982) . This network could be bound to the collagen network, or contained and entangled within it. The PGs are strongly hydrophilic, form gels at very low concentrations in water, carry many negative charges and consequently attract cations. Any attracted cations are osmotically active and consequently attract more water, which makes up 60-80% of the wet weight of the living tissue. The osmotic pressure generated by PGs in healthy tissue is at least 2atm (Urban et al., 1979; Basser et al., 1998 ) that would present serious problems when attempting to apply conventional chemical fixation techniques to the tissue. Collagen fibrils have a very high tensile strength, but with little ability to withstand compression. It is the hydrated PG that has this capability, provided it is immobilised and contained in a collagen matrix. With loading, the applied pressure often exceeds the osmotic swelling pressure, driving fluid out of the matrix. However, the low permeability of PGs resists the flow of fluid relative to the immobilised PGs, providing a highly damped system. Transmission electron microscopy (TEM) of fixed and embedded as well as high-pressure frozen sections of bovine tissue reveals detailed ultrastructure of the collagen and PG . Individual collagen fibrils are bound together in some areas. Due partially to the section thickness used (50-100nm), relative to the micron-level of collagen fibril organisation, TEM images fail to reveal the three-dimensional structure of the tissue. Applying conventional chemical fixation protocols, used for TEM specimen preparation, to a tissue with such highly unusual pH and osmotic properties, should result in considerable ultrastructural disruption. Hunziker et al. (1996) recognise this and show how cryo-techniques can be used to overcome this problem. The application of TEM to dissected tissue provides some indication of an organised coiled arrangement to the collagen fibrils in the radial zone (Broom, 1986; Chen and Broom, 1998) .
NOVEL ASPECTS TO THE STRUCTURE OF RABBIT ARTICULAR CARTILAGE
SEM provides information on the gross morphological features of the tissue, including the effect of loading (Clark, 1991; Jeffery et al., 1991; Teshima et al., 1995; Richards and Kääb, 1996; Nötzli and Clark, 1997; Kääb et al., 1999a) . The 'fibres' of the radial zone, adjacent to loaded regions are not deformed laterally to any significant extent. As there is no evidence for fluid transfer through the calcified region, most of the incompressible interstitial fluid would have to be displaced in the radial direction. None of the accepted structural models (Benninghof, 1925; Clark, 1991) explain satisfactorily this anisotropy in resistance to fluid movement and it is suggested that they need re-examination (Hunziker et al., 1997) .
The much higher resolution of field emission scanning electron microscope (FESEM) study of the radial zone of freeze-substituted adult rabbit tissue reveals a level of collagen fibril organization that would provide a barrier to lateral fluid movement. In between the chondrons, the radial zone is seen as an array of tubules, whose walls are composed of a compact matrix of tightly packed collagen fibrils (ap Gwynn et al., 2000) . The tubular structure appears to confine the chondrocytes to a vertical chondron column arrangement. The 30-40µm thick superficial zone has a more spongy appearance, with pore sizes of the order of 500nm diameter, with fibrils arranged in a direction parallel to the articulating surface. The application of modified chemical fixation protocols resulted in the preservation of a similar structural arrangement to that seen following the application of cryo-methods. The general arrangement of the radial zone components envisaged is represented in Figure 2 . We provide further evidence to support this interpretation. 
Materials and Methods
Knee joints from adult White New Zealand and wild Welsh rabbits were obtained. No morphological differences were found between the AC from the two types of rabbit. Each joint was cut open with a scalpel to reveal the tibial plateau. The tibial plateau region was cut off the end of the tibia, using a carborundum disk cutter. A Meisinger (Düsseldorf, Germany) type 224 RF dental trephine burr, attached to a small electrical drill was used to extract 1mm diameter cores, traversing the whole thickness of the tissue from tibial plateau to the sub-chondral bone. Cores were taken from plateau areas where the femoral condyle applied pressure. The specimen was then frozen rapidly in liquid propane at liquid nitrogen temperature, fractured under liquid nitrogen using a special jig (Figure 3) , freezesubstituted in 1:2 acetone:methanol containing 10% acrolein and 0.2% tannic acid -followed by anhydrous acetone, critical point dried in carbon dioxide using a Polaron E3000 apparatus (Agar Scientific, Stansted, UK), sputter coated with 10nm platinum or 8nm gold-palladium (4:1), using a Baltec (Balzers, Liechtenstein) Med 020 unit, and examined in an FESEM (Hitachi, Tokyo, Japan; s-4100 or s-4700) operated at an appropriate accelerating voltage (ap Gwynn et al., 2000) . Other samples were treated, instead of applying critical point drying, by transferring through an ethanol series into Lowicryl K11M embedding resin (Agar Scientific). Infiltration of the resin was carried out over a period of three weeks. Following polymerisation of the resin ultrathin sections were cut and viewed using a JEOL (Tokyo, Japan) 100CX TEM, operated at 100kV accelerating voltage.
For microwave enhanced chemical fixation of tissue for TEM 1mm cores were taken, as described above. The specimens were then placed in a solution of 2.5% glutaraldehyde in 0.1M phosphate buffer (pH7.2), and exposed to bursts of microwave energy (set at the minimum power setting [10%], temperature sensor in the container next to the specimen, 300ml water buffer) until the fixative solution temperature reached 40°C (Richards and Kääb, 1996; Kääb et al., 1999b) . The specimens were then further fixed for 30 minutes in the buffered glutaraldehyde solution, at 20°C, before transferring to a 1% osmium tetroxide solution for 1 hour at 20°C. Dehydration was subsequently carried out in ethanol series and the specimens were either embedded in TAAB (Aldermaston, Berks, UK) embedding resin (infiltration for 4 days) or critical point dried. Ultrathin sections of the embedded material were observed using a JEOL 100CX TEM, operated at 100kV accelerating voltage. The microwave stage was also omitted, and the initial glutaraldehydebased fixative was applied to the tissue for 2 hours at 20°C, buffered at various pH values from 4.0 to 10.0 before dehydrating and critical point drying or resin embedding the specimens.
Fully dried specimens, following chemical or cryopreparation, were also cooled by immersion in liquid nitrogen on the fracturing jig and further fractured. To avoid damage to the structure by condensing water, on the newly fractured cold specimen, the samples were kept under liq- Warming-up device for holding the fracturing jig and fractured sample until the liquid nitrogen had all boiled off and the whole assembly reached room temperature. The working principle was that any moist air present in the closed container was driven out of the narrow bore tubing by the boiling liquid nitrogen. The specimen was therefore held in dry nitrogen until it had reached room temperature and there was no danger of atmospheric moisture condensing on a cold specimen, destroying the surface ultrastructure. uid nitrogen in a small plastic container. A tightly sealing lid, to which a 15cm long piece of 5mm bore plastic tubing had been attached, was then placed on the container (Figure 4) . Evaporating nitrogen drove out all the air, through the narrow tube, as it boiled off. Once all the liquid nitrogen had boiled off, the chamber only contained gaseous nitrogen, and no moist air could return along the whole length of the thin tube to harm the specimen surface. Once the whole container, including the specimen, had warmed up to room temperature it could be opened and the specimen removed for mounting onto SEM stubs and sputter coated.
For confocal laser scanning microscopy, approximately 1-2 mm thick vertical sections were cut through the tissue, using a sharp razor blade. Images were taken, through a standard 1.5 thickness cover-slip, at an optical section thickness of 1µm, with a 10x objective lens. The microscope used was a BioRad (Hemel Hempsted, UK) MRC1024, with a 100mW argon laser generating illumination at 488nm (the natural auto-fluorescence wavelength for collagen). The emission collection wavelength was 580 nm ±32nm.
Results and Discussion
Where the radial zone tubules were fractured longitudinally the luminal walls were seen to be composed of tightly packed longitudinal collagen fibrils that appeared to run the length of the tubule, each fibril being about 30nm in diameter (Figures 5 to 7). The tight packing and orientation of the fibrils was consistent with the well-established birefringent properties of the collagen in the radial zone (Benninghof, 1925; Kääb et al., 1998) . Only such tightly packed and oriented structures can show birefringent properties, looser more random arrangements would not show such birefringence. Many of the fibrils traversed the tubule wall in both a left handed and right handed spiral fashion, and probably interwoven with those from neighbouring tubules. Opposing spirals appeared to be separated by angles of 50-65°. The TEM images shown by Chen and Broom (1998) can also be interpreted as showing a similar arrangement, albeit following the disruption caused by chemical fixation. When studied with an FESEM, what appeared to be smaller fibrils of approximately 10nm diameter were resolved, arranged orthogonally to the radial collagen fibrils, but only around the inside walls of the tubules. The spacing between these orthogonal fibrils was regular, between 60-70nm ( Figure  7 ). These fibrils, or their remnants, could also be seen in TEM sections of microwave-assisted fixed and pH 8.0 fixed material (Figures 8 and 9 ), as well as close to the calcified / radial zone interface in those samples fixed chemically at pH8.0 ( Figure 10 ). Fixation in a standard 2.5% glutaraldehyde at pH 7.0 resulted in a complete breakdown of the structure, as seen by SEM ( Figure 11 ) and TEM ( Figure 15 ).
Cross-sectional fractures through the radial zone revealed a distinct regularity to the observed pattern of tubules and chondrons ( Figure 12 ). Similarly, in some longitudinal fractures of the region -especially those fixed chemically -the chondrons appeared to be wholly enclosed within the columns of collagen fibres, and therefore not visible in the radial fractures ( Figure 13 ). These observations suggested a role for these cells in the maintenance of the tubular structure. Computer-aided image analysis of such cross-sectional areas revealed that approximately 60% of the cross-sectional area of the tissue, at this point, was composed of tubular lumen. The average, minimum and maximum cross-sectional areas of the tubules were approximately 5, 2 and 7 µm 2 , respectively. Why has such an organisation of collagen fibrils gone undiscovered in such an intensively studied tissue? The answer lies, we believe, in the fundamental nature of the tissue itself and the histological preparation methods that have normally been used to study it. The tubular organisation of collagen fibrils was initially observed only after AC had been subjected to cryo-fixation followed by freezesubstitution. Hunziker (1993) , shows that AC collagen matrix structure is prone to significant modifications as a result of treatment with conventional chemical fixation procedures. Minor modifications of chemical fixation protocols can produce significantly different AC morphology. Rabbit AC shrinks considerably following chemical fixation and dehydration (Kääb et al., 1999b) . The collagen-based structure was clearly disturbed by chemical fixatives, however at pH 8.0 fixation some elements of the tubular structure were preserved, although still disrupted (Figures 9 and 14) . Comparatively, freeze-substitution resulted in minimal disruption of the tissue, although some element of ice-crystal formed artefacts could have been expected -but the size of the crystals formed within the aggrecan contents of the collagen bound tubules appeared to be relatively small (Figure 16 ).
In spite of being regarded generally as effective fixatives of biological tissues, aldehydes are known significantly to reduce the number of positive charges on proteins (Hopwood, 1972) and can cause severe disruption of cytoplasmic structural proteins (Hayat, 1987) . The balance of negative and positive charges on closely apposed fibrils and aggrecan assemblies could play a key role in the tight packing of the collagen matrix, as well as the formation of the general ultrastructure of the tissue, in vivo. Creating an electrostatic imbalance, by adding the fixing agent, would probably cause the structure to disassemble. If the walls were destabilised in this way the positive osmotic pressure of 2atm or more, in the PG rich tubule contents, would effect an influx of water on a large scale, resulting in disruption of the tubular morphology. Subsequent cross-linking of the PGs to each other and to collagen, by aldehyde fixatives, could then stabilize the modified microstructure. The appearance of chemically fixed and fractured tissue seemed to confirm that interpretation (Figure 11 ). Dehydration would then cause shrinkage of the tissue. This would result in compaction of the already disrupted fibrils, giving the appearance of a sponge-like tissue with some radial orientation -precisely that observed upon the examination of TEM images of conventionally prepared tissue ( Figure  15 ). There was no suggestion of the level of organization observed after freeze-substitution (Figures 5 to 7 ), but microwave-assisted chemically fixed preparations did retain a certain element of the original structure (Figure 8 ). Microwave-assisted chemical fixation is known to be less damaging to AC tissue than unassisted chemical fixation, although exactly why this should be so is not really understood (Richards and Kääb, 1996; Kääb et al., 1999b) . When conventional fixation was carried out at pH 8.0 a certain amount of the tubular morphology was retained within the tissue, including some of the orthogonal fibril arrangement (Figures 9 and 10) , especially close to the radial zone / calcified zone interface. This confirmed that the tubular structures, initially observed following the application of freeze substitution protocols alone, appear to be genuine and not artefacts of the specimen preparation procedure.
It is also significant that in the freeze-substituted preparations that there was only visual evidence of ice crystal formation within the tubule lumen contents and none in the walls, suggesting a very low water content in that area (Figure 16 ). The behaviour of the collagen matrix in response to chemical fixatives could, therefore, be providing us with valuable evidence as to the way in which that matrix is normally held together, electrostatic charge balance being implicated. It is also significant that AC tissue fixed chemically was relatively easily impregnated with embedding resin, whereas the freeze-substituted tis- Figure 9 : TEM image of chemically fixed radial zone articular cartilage tissue. In this case 2.5% glutaraldehyde, buffered at pH 8.0 , with 0.5M sucrose, for 2 hours at 20°C. Some of the 30nm radial fibrils remained attached to each other in bunches and 10nm fibrils appear bound to those bunches at 60-70nm intervals (arrows). The lumen of the tubules (L) appears to have been preserved to a certain degree. The chondrocyte (C) in the neighbouring chondron is also seen. Kellenberger (1990) and Edelmann (1994) argue that the application of freeze-substitution results in the production of fewer ultrastructural artefacts than do conventional chemical fixation techniques, provided reasonably rapid freezing can be achieved. A comparison of the effects of applying different preparation methods to the preservation of AC emphasises the advantages of using freezesubstitution, especially in relation to the reduction of tissue shrinkage (Kääb et al., 1999b) .
There are limitations to the cryo-fixation approach, one of them is the problem of ice crystal formation, if sue was extremely difficult to embed -requiring resin impregnation times of several weeks, even with a very low viscosity resin. This again suggested that there was a fundamental structural difference between the results of applying these diverse preparation techniques to AC, and that chemical fixation disrupted severely the natural arrangement of the tissue components. This confirmed what was observed by means of microscopy.
Freeze-substitution appeared to be the only approach capable of coming close to preserving the internal morphology of this tissue for study by SEM, FESEM or TEM. Practically all of the lateral association of the radial 30nm collagen fibrils was disrupted, although the general radial orientation was retained. This is the hitherto perceived arrangement of collagen fibrils in the radial zone of this tissue. Figure 16 : TEM of freeze-substituted and embedded rabbit tibial articular cartilage. Close lateral packing of the radial 30nm collagen fibrils was retained, as shown in the FESEM images, forming the tubule walls (W). Within the tubule lumen the proteoglycans were segregated, during the freezing process, due to the formation of ice crystals (C). The sizes of the ice crystals formed were much smaller than the cross sectional diameter of the tubules. There was no visible evidence for the formation of ice crystals within the tubule wall structure (W). Structure of Rabbit Articular Cartilage rounding material thereby increasing the concentration of solutes. Very rapid freezing is necessary to cool the tissue below the re-crystallisation point of water, in as short a time as possible, and therefore minimise these effects (Echlin, 1992) . High-pressure freezing is the preferred method by which optimal freezing rates are obtained, as long as the specimen size does not exceed 200µm in diameter (Studer et al., 1995) . This means that the tissue needs to be cut into very small pieces before freezing, which in the case of AC is almost certain to disrupt its overall structure. Placing an excised sample of AC, when separated from the calcified zone, into a buffer resulted in considerable swelling of the tissue. Interpretation of the overall morphology of AC in samples of this size would also be difficult without prior knowledge of the structure at a more intermediate level. Chemical preparation methods may not even preserve the ultrastructure of those larger specimens in a way necessary to elucidate their morphology at such magnifications. The only approach available was to optimise the freezing procedure, as applied to cores of AC that were complete from articulating surface to the calcified zone. Such samples were too large for high-pressure freezing. The fastest freezing method available was rapid plunging into liquid propane at -196°C. The possibility of the observed tubules being artefacts of ice crystal formation, as a result of the application of conditions that would not be expected to lead to vitrification, has already been discounted (ap Gwynn et al., 2000) . Although small ice crystals are observed, the tubular arrangement of collagen fibrils is genuine. This was confirmed by their appearance following the application of modified chemical fixation procedures, where there was no possibility of ice-crystal formation taking place (Figure 14 ). An image of freshly cut tissue, which had not been frozen, taken by confocal laser scanning microscopy utilising the auto-fluorescent property of collagen at 488nm, also provided evidence for the presence of very narrow, vertically oriented, areas within the radial zone of the tissue from which collagen was excluded ( Figure  17 ). Chondrons were also seen as areas of collagen exclusion, but were larger. Studer et al. (1995) demonstrate that PG can act as a natural cryoprotectant in AC. They show that, in bovine AC, vitrification of the tissue, during rapid cooling, is dependent on water content and solute concentration. When AC is high-pressure frozen, the superficial-transitional zone and upper radial zone, which are closer to the surface, cryo-fix in a crystalline state but the deep radial zone is fully vitrified. The superficial and upper radial zones have a water content of 75-80% and a proteoglycan content of 0.5-2% and 2-4% respectively, the deep radial zone has a water content of 65% and a proteoglycan content of 4-8%. Ice crystal growth in the superficial zone is so small that only segregation artefacts of the proteoglycans are observed. It is unlikely therefore that significant ice crystal growth could occur in the deep radial zone, even if plunge freezing in liquid propane was used rather than high-pressure freezing.
Type IX collagen has the ability to bind to the surface of type II collagen and also to other type IX collagen molecules. It, therefore, has the potential to form covalent freezing is carried out too slowly or the specimen is allowed to warm up above the recrystallisation point for its contents (generally about -70°C). This can happen if the specimen is too large or there is a large amount of 'free' water available for crystal formation. Ice crystals can damage the ultrastructure of tissues because they occupy a larger volume than the fluid water from which they are formed and their formation removes water from the sur-Structure of Rabbit Articular Cartilage links between type II fibrils (Eyre and Wu, 1995) . Type IX collagen binds to some type II fibrils with a D-periodic spacing of about 65nm, in material from human infant AC . A similar D-periodic binding has been observed in chick embryo sternal and bovine articular cartilage (Eyre et al., 1987; van der Rest and Mayne, 1988; Vaughan et al., 1988) . This is very similar to the spacing we observed between the orthogonally arranged 10nm fibrils and the 30nm radial fibrils on the inside of the tubes (Figures 6,7 and 8) .
Type XI collagen can also form fibrils. The material that appeared to bind orthogonally at regular 65nm spacing to the radial collagen fibrils in both the high resolution FESEM images of freeze substituted samples (Figure 7) , chemically fixed material (Figures 9 and 10 ) and the TEM images of microwave-assisted fixed material (Figure 8 ), may well have represented where components such as collagen IX and/or XI bound the collagen II fibrils together in the tightly-bound network of fibrils that made up the inner 'surface' wall of the tubules -also possibly linking to the PGs in the lumen of the tubule. The evidence for this interpretation is circumstantialbut the dimensions, and binding pattern, of the fibrils did correspond to those expected of these collagen types. The stability of this complex may, in itself, depend upon the integrity of the tissue. The attraction of ions and water to the PG in the tubules may have provided a stabilising mechanism that maintained the tightly packed structure of the tubule walls. An orthogonal array, only stable in a certain range of collagen II, IX, XI and PG concentrations (and any other components that may be present), may have provided the structure with some stiffness to resist compressive load in equilibrium. It may do this by promoting the binding of collagen II fibrils together. It is known that type XI collagen forms heterotypic fibrils with type II collagen (Bland and Ashurst, 1996) . In the superficial zone, there was a smaller diameter tubular morphology, arranged in a direction parallel to the articulating surface, but not appearing to be formed into complete tubules. Small areas of orthogonally arranged small fibrils were also seen in this zone (Figure 18 ). It was the deeper radial zone that appeared to have the most well organised and thicker tubular walls, corresponding to the region where the PG concentration is believed to be highest . Their regular spacing ( Figure  12 ), position and columnar arrangement suggested that the cells in the chondrons might also play a key role in the maintenance of the tubular structure.
It is interesting to note that type IX collagen does not bind to all fibrils from the same digest and that it may prevent the formation of large fibres of type II collagen by connecting thin fibrils , in which case it seems reasonable to assume that all fibrils would be involved. A similar question arises in its proposed role, with proteins such as decorin, to shield fibrils from PGs to reduce friction between fibrils and non-fibrillar components of AC . These observations, and the relative proportions of these proteins in the tissue, are consistent with the type IX collagen being a component of the interface between PG and collagen lining the lumen of the tubules. Such an orthogonal array of fibrils, as was seen in the relationship between the radial and orthogonally arranged fibrils in the tubule walls, is not a unique biological structure. A similar structure is found in the penis of Dasypus novemcinctus (Kelly, 1997) , where resistance to compression is also achieved. Similar pleating to that observed for heavily loaded AC (Kääb et al., 1999a) is also seen in the collagen-based structures of the penis when it is flaccid. Double or triple layered, opposed, helical arrangement of collagen fibrils is common in invertebrates with hydrostatic skeletons (Harris and Crofton, 1957) . In such cases the arrangement of the collagen fibrils can be shown to resist longitudinal deformation of the opposed helical structure, when held in a contained system. The critical factor is the angle between the opposing helices. As the value for this angle increased, as would happen if the tissue was compressed longitudinally, then the hydrostatic pressure within the contained volume would increase correspondingly. This is how nematode worms are able to dispense with the need for circular muscles, and are able to move with only longitudinal muscles. The force to return the animal to its full length is achieved solely due to the arrangement of the collagen fibrils in its cuticle. It is possible that the physical arrangement of the collagen fibril matrix in the AC radial zone could also make a contribution to compression resistance in the tissue, and especially its return to full thickness when a load is removed.
When AC is loaded, initially the superficial zone underneath the contact area is highly compressed. With time the fluid redistributes radially, distributing the strain uniformly. The strain then decreases in the more superficial layers and increases in the deeper layers. In addition, some fluid continues to exude from the AC region beneath the contact area allowing further depression of the AC surface. At equilibrium, the tubular structure of collagen probably does not enhance the stiffness of AC because the increased concentration of PGs, with swelling pressures greater than 2atm, would be sufficient to support the measured aggregate modulus of 0.5 to 2 MPa. However during the transient response, we propose that the tubular collagen structure inhibits lateral fluid flow, parallel to the surface, forcing fluid to flow perpendicular towards the surface. Without being able to escape laterally into a more permeable region of AC, the fluid would have to flow within the tubules through less permeable compressed PGs and through the highly compressed dense layer of fibrils in the superficial zone. This mechanism would be optimal for AC to hold larger loads for longer durations without significant, potentially damaging, deformation of its solid matrix.
Although this suggested mechanism is still only an hypothesis developed from newly exhibited collagen-fibril based structure, there are several observations and studies in the literature that would support such an idea. Kääb et al. (1999a) studied the collagen morphology of ex vivo physiologically loaded rabbit tibial cartilage. They show that even under 3x body weight load at the knee, the AC collagen matrix directly adjacent to that beneath the loaded contact area is hardly deformed and does not bulge laterally. This lack of adjacent matrix deformation may exhibit the extent to which the collagen tubules support the fluid pressure radially with respect to the tubular axis. Macirowski et al. (1994) , combining an elegant experimental and numerical modelling approach, examined the interstitial fluid flow and pressurisation within acetabular AC. They found that even after 20min of loading, fluid continues to support 90% of the applied load. The resistance to fluid flow is much higher parallel to the surface than in the perpendicular direction, perhaps due to fluid channelling by the tubules. The fluid flow is predominantly in the perpendicular direction, and the consolidation rate is controlled by conductance of the interarticular gap. Because the soft superficial zone could easily seal this gap, the AC is able to maintain fluid pressurisation for an extended duration. This observation is confirmed by Soltz and Ateshian (1998) . Finally, Setton et al. (1993) tested bovine osteochondral plugs in confined compression, with and without the superficial layer. They find that without the superficial layers the permeability of the tissue increases almost 2-fold with increased early creep rates but that there is no change in the equilibrium modulus. Such a change would be consistent with a channelling of fluid flow within the tubules where the fluid flowing, predominantly perpendicular to the surface, would need to pass through the compressed highly impermeable superficial zone, but that the osmotic swelling pressure of the compressed PGs within the tubules remains unchanged.
Does rabbit AC structure differ from that of human? There may be very little difference between the fundamental structure of this tissue in different species (Zambrano et al., 1982; Clark, 1991) . A similar tubular structure should therefore be expected in all mammals. Studies of gross morphological differences between species suggest a categorisation into either a column-based (often referred to as 'fibre-based') or a leaf-based overall arrangement (Clark, 1991; Teshima et al., 1995; Kääb et al., 1998) . The fundamental tubular arrangement proposed would be expected to occur within those columnar or leaf structures, and preliminary studies of tissue from other species, including human, suggested that was probably the case. Initial investigations also suggested that a variation upon the pattern also exists in the load bearing areas of the rabbit hip and elbow joints.
Conclusions
We have provided further evidence to show that the collagen matrix in the radial zone of rabbit tibial AC was arranged into radially arranged tubules. Both chemical and cryo-specimen preparation techniques were shown to preserve this structure. The arrangement of collagen fibrils in the tubule wall would suggest a structure evolved to contain and or direct the flow of more fluid contents in a direction perpendicular to the articulating surface, and in itself also possibly provide some resistance to compression. The structure we described was consistent with the known physical, chemical and structural evidence available to describe the tissue, but raised many questions that need answering. How could such a tissue develop from early embryonic limb structures through to adult cartilage? Is the collagen laid down in a similar way to that found in fibro-cartilage tendon development? How are the tubular collagen/PG structures formed initially? Is physical loading necessary for the structure to form? Does the structure break down in cases of OA and how does superficial layer damage effect the progression of OA? Can the tubular structure be induced to grow and re-form in mature adult tissue, if it has been damaged? Work is currently in progress in an attempt to answer some of these questions. Discussion with Reviewer C. Archer: How do the authors respond to the criticism that they are studying a freezing artefact? Authors: To propose that these tubular structures that are observed in adult rabbit tissue are segregation artefacts is a perfectly natural reaction. Indeed, this was also our initial response. However, on further investigation it became clear that this was not the case.
By examining both TEM and SEM images, we could clearly see where small ice crystals had been formed. These were much smaller that the dimensions of the tubules. Without doubt, the formation of small ice crystals, within their lumens, would have caused the dimensions of the tubules to expand. This has clearly happened in some places -stretching the orthogonal fibrils. This does not mean that the tubules are formed by the segregation of larger ice crystals.
Much of the argument is dealt with, at some length, in our Journal of Microscopy paper (ap Gwynn et al., 2000) . Here we show that the tubular structure is preserved even after the addition of cryoprotectants, and that the dimensions of the tubules remain relatively constant even when different freezing procedures are used. The dimensions also remain constant regardless of the depth into the tissue. If the structures were formed by ice crystals, then the areas further away from the tissue/coolant interface -subject to slower cooling rates -would be expected to show larger ice crystal artefacts. They do not show such differences. Studer et al. (1995) demonstrated that the concentration of PGs is much higher in the deeper zones of the tissue. This would be expected to provide an increasing cryo-protective effect at greater depth, resulting in smaller ice crystals.
In the current paper we have shown that the rudiments of the tubular structure are also preserved after the application of a much modified chemical fixation protocolwhere no freezing has been applied. It is difficult to imagine how freezing artefacts could be formed without the application of low temperature! Similarly, the essentials of the vertical segregation of the tissue components can be just resolved, with a confocal laser scanning microscope, in wet tissue -in this case depending upon the natural fluorescence of the collagen itself to form an image.
The clear presence of the orthogonally arranged fibrils, lining the lumen of the tubules, confirms that these are real structures. It is impossible to imagine how ice crystal formation could be responsible for arranging the structural elements into such regular features.
More recently, we have also studied the development of this structure from the neonatal to adult stages. At the early stages of development, when water content is higher than in the adult, no such tubular structure can be seenalthough similar preparation techniques had been applied. If these were artifactual structures then we would expect to see more of them in young tissue -not a complete absence. Indeed, their appearance seems to occur gradually, coinciding with the appearance of orthogonal fibrils and cells arranged in chondron columns.
We are only proposing that these distinctive tubular structures are present in rabbit tissue. We have also seen very similar structures in sheep tissue. Preliminary studies suggest that, in human and mouse tissue, the tubular arrangement is not as strongly developed -although many of the essential elements, such as the orthogonal fibrils, are present. There appear to be significant inter-specific variations, as well as significant developmental sequences of structural development. We have found that the age of the animal is a significant factor in determining whether tubular structures are detected. How these relate to phylogeny and/or life-style remains to be resolved.
